We perform stellar evolution simulation of first stars and calculate stellar yields from the first supernovae. The initial masses are taken from 12 to 140 M ⊙ to cover the whole range of corecollapse supernova progenitors, and stellar rotation is included, which results in efficient internal mixing. A weak explosion is assumed in supernova yield calculations, thus only outer distributed matter, which is not affected by the explosive nucleosynthesis, is ejected in the models. We show that the initial mass and the rotation affect the explosion yield. All the weak explosion models have abundances of [C/O] larger than unity. Stellar yields from massive progenitors of > 40-60 M ⊙ show enhancement of Mg and Si. Rotating models yield abundant Na and Al. And Ca is synthesized in non-rotating heavy massive models of > 80 M ⊙ . We fit the stellar yields to the three most iron-deficient stars, and constrain the initial parameters of the mother progenitor stars. The abundance pattern in SMSS 0313-6708 is well explained by 50-80 M ⊙ non-rotating models, rotating 30-40 M ⊙ models well fit the abundance of HE 0107-5240, and both non-rotating and rotating 15-40 M ⊙ models explain HE 1327-2326. The presented analysis will be applicable to other carbon-enhanced hyper metal poor stars observed in the future. The abundance analyses will give valuable information about the characteristics about the first stars.
INTRODUCTION
First stars, also known as Population III (Pop III) stars, are key drivers of the evolution of the early universe (Bromm & Yoshida 2011, and references therein) . Ionizing photons emitted during the evolution of Pop III stars initiate the cosmic reionization. Pop III stars are also the first nuclear reactors in the universe. Pop III supernova explosions pollute ambient primordial gases with metals. The first metal enrichment changes the cooling characteristics of primordial gases and initiates the shift of the stellar population from the metal-free Pop III stars to the metal-rich succeeding stellar populations.
Recent developments of theoretical calculations have revealed the characteristics of the formation of Pop III stars from the primordial gas clouds (see Bromm 2013; Glover 2013 , for reviews). Starting with the well determined initial structure at the cosmic recombination, ab-initio cosmological simulations identify the place where the first star formation takes place (e.g., Abel et al. 2002; Bromm et al. 2002; Yoshida et al. 2003) . At the center of small dark matter halos of 10 5 -10 6 M ⊙ at the redshift of z ∼ 20-30, gravitationally unstable primordial gas clouds of ∼1000 M ⊙ start to collapse. With the help of cooling by hydrogen molecules, the collapse continues until formation of a protostellar core of ∼0.01 M ⊙ (Yoshida et al. 2008) . The evolution of the core during the following accretion phase remains unclear, because several processes, such as irradiation by the protostar (McKee & Tan 2008; Hosokawa et al. 2011) , fragmentation of the accretion disk (Clark et al. 2011; Greif et al. 2012) , and the magnetic field (Turk et al. 2012; Machida & Doi 2013 ) may significantly affect the result. However, still robust information about the formed Pop III stars can be inferred from recent simulations. Hirano et al. (2014) calculated a lot of star formation gas clouds, and the result suggests that Pop III stars will show a wide initial mass function of ∼10-1000 M ⊙ . Also Pop III stars are suggested to have a fast rotation velocity at birth (Stacy et al. 2011 (Stacy et al. , 2013 .
Hence, demand for observational tests to check the theoretical estimates of the Pop III stellar characteristics has been increased. And the requirement may be achieved by doing abundance profiling on metal poor stars. Metal poor stars are traditionally used as a probe of the nucleosynthetic results of PopIII supernovae (e.g., Nomoto et al. 2013) . This is because, the most metal poor stars may be second generation stars, which directly show the nucleosynthetic yield of mother Pop III stars. Supernova explosions may pollute primordial gas inhomogeneously in the early universe, thus, stars formed from the unevenly polluted metal poor gases are expected to show characteristics of a single or a few supernova ejecta (Audouze & Silk 1995; Tumlinson 2006) .
Motivated by these ideas, several surveys and observations have been carried out, increasing the number of observed metal poor stars (e.g., HK survey: Beers et al. 1992 McWilliam et al. 1995) . Also, the large number of samples includes extremely rare, but a certain number of HMP stars. Until now, three metal poor stars with [Fe/H] < -5 are known. They are HE 0107-5240 of [Fe/H] = -5.3 (Christlieb et al. 2002 , HE 1327-2326 of [Fe/H] = -5.7 (Frebel et al. 2005; Aoki et al. 2006) , and recently found SMSS 0313-6708 of [Fe/H] < -7 (Keller et al. 2014) . Peculiar characteristics of the abundance patterns are not only the low iron abundance, but also the enhancement of intermediate mass elements, such as carbon, nitrogen, oxygen, sodium, and magnesium. The representative feature is a large abundance of carbon; they have [C/Fe] -3.
It has been shown that a phenomenological model of a supernova explosion called the mixing-fallback model can naturally explain the abundance trends seen in EMP stars (Umeda & Nomoto 2002 Tominaga et al. 2007b Tominaga et al. , 2014 ). In the model, an explosion is assumed not to eject the whole stellar mass, but some fraction of fully-mixed inner matter in addition to the outer matter is ejected. Accordingly, this model has three basic parameters, the inner boundary of the mixing region corresponding to the initial mass of the compact remnant, M cut , the outer boundary of the mixing region, M mix , and the ejection fraction with which the matter in the mixing region escapes to interstellar space, f (see Tominaga et al. 2007b ). Moreover, with variations in the explosion energy and the mixing-fallback parameters, abundance patterns of HMP stars are also well explained (Umeda & Nomoto 2003; Iwamoto et al. 2005; Ishigaki et al. 2014) . It has been shown that an explosion with a low iron yield in an iron poor environment is needed to explain observed large [C/Fe] ratios for HMP stars (e.g., Nomoto et al. 2013) . Based on these successful explana-tions, two schematic illustrations are discussed to account for the mixing-fallback process. The first one is a low energy supernova. At the boundary region of a stellar core, deceleration by the reverse shock takes place (e.g., Hachisu et al. 1990 ; Kifonidis et al. 2003) . The deceleration accounts for the large fallback of inner matter, simultaneously explaining the mixing by the growth of the Rayleigh-Taylor instabilities. The other one is a jet-like explosion (Tominaga et al. 2007a; Tominaga 2009) , in which large fallback is attributed to the accretion of off-axis matter.
While previous works provided information about the mechanisms of supernova explosions, the progenitor characteristics such as initial masses and rotational velocities have not been constrained. Firstly, a useful probe to constrain the initial mass of the progenitor star is still unknown. This is because of the degeneracy in the abundance patterns and the progenitor masses (Umeda & Nomoto 2005 ). In the mixing-fallback model, inner abundance ratios that account for heavy nuclei, such as iron-peak elements, are similar for more massive stars with more energetic explosions. Secondly, a probe for the rotational velocity is unknown. Previous calculations of Pop III progenitors only consider the case of non-rotating stars (Umeda & Nomoto 2005; Tominaga et al. 2007b; Heger & Woosley 2010) . And there has been only a limited number of works for rotating Pop III evolution calculations (Marigo et al. 2003; Ekström et al. 2008; Yoon et al. 2012; Chatzopoulos & Wheeler 2012) , which do not compare their yields with observed abundance patterns.
The aim of this work is, thus, to obtain new knowledge of the first supernova yield abundances, which can be used to constrain the progenitor characteristics. Calculated models have a wide initial mass range of 12-140 M ⊙ , which is a likely mass range for core-collapse supernovae. Additionally, in order to find a signature of stellar rotation, evolution of rotating stars is calculated. So far, several works show that stellar rotation affects all results of stellar evolution (e.g., Meynet & Maeder 2000; Heger et al. 2000) , therefore rotation in Pop III stars is also expected to have an important consequence on the yields. Indeed, it has been already shown that stellar rotation at small metallicities significantly affects the stellar nucleosynthesis, especially nitrogen production, which can explain a N/O plateau observed in metal poor host stars (Meynet & Maeder 2002a,b; Chiappini et al. 2006; Hirschi 2007; Meynet et al. 2010) . Note that our calculation is limited to the case of single stellar evolutions. Fragmentation during first star formation may result in a high fraction of binaries and/or multiple systems, and the binarity could affect the evolution and thus the nucleosynthesis results of the first stars (e.g., Stacy & Bromm 2013) . Effects of binarity are too complicated for our first investigation, but should be investigated in the future.
The paper is organized as follows. Physical ingredients of the stellar evolution code and assumptions to calculate the yields are described in Section 2. In Section 3, resulting features in the outer abundance that can be used to constrain the progenitor's initial parameters are summarized. The best fit results to explain the observed abundance patterns of the three most iron-deficient stars of SMSS 0313-6708, HE 1327-2326, and HE 0107-5240, as well as model comparisons with previous works, are presented in Section 4. Section 5 is dedicated to discussions, and summary and conclusion are presented in Section 6.
METHOD

Code Description
We use the latest version of the stellar evolution code described in Takahashi et al. (2013) , Umeda et al. (2012) , and Yoshida & Umeda (2011) . Capability to treat stellar rotation is newly included in the code. At first, basics of the evolution code, such as a nuclear reaction network and a mixing treatment are briefly presented. Then, the treatment of stellar rotation is described.
Basics of the Evolution Code
The evolution code is used for calculating hydrostatic and hydrodynamic evolution of stellar structures. The inertia term is included in later stages of evolution, after the oxygen burning phase for less massive stars (12-60 M ⊙ ) and after the helium burning phase for more massive stars (70-140 M ⊙ ). Mass loss is almost neglected in a non-rotating calculation, and a very small rate ofṀ (v rot = 0) = −10 −14 M ⊙ /yr is applied (Yoon et al. 2012 ). Chemical mixing is approximated by a diffusion equation, and the diffusion coefficient is calculated depending on several conditions including rotational effects. In order to treat fast proton capture reactions (see Section 3.3.), the reaction network includes 260 isotopes from neutron to 80 Br (see Table 1 ). The initial composition consists of 1 H, 2 H, 3 He, 4 He, and 7 Li, and the initial primordial abundances are taken from Steigman (2007). Adopted reaction rates are almost the same as in Takahashi et al. (2013) , but 1.3 times as large as the value by Caughlan & Fowler (1988) is used for the rate of
We assume convection appears in dynamically unstable regions of
where ϕ ≡ ∂lnρ ∂lnµ , δ ≡ − ∂lnρ ∂lnT , and ∇ rad and ∇ ad are the radiative and adiabatic temperature gradients, respectively. The temperature gradients in the convective regions are calculated by the mixing length theory (MLT) for the whole region of a star, and 2.0 is used for the mixing length parameter, α mix . In order to treat convective mixing of chemical species, a diffusion coefficient by Spruit (1992) is applied in the dynamically unstable regions, with the parameter of f sc =0.3. For the dynamically unstable regions, the mixing coefficient becomes large enough to account for the full-mixing. The same coefficient is also applied to vibrationally unstable regions of
in order to take into account the growth of the instability. Additionally, overshooting of the convective motion at the edge of dynamically unstable regions is treated during core hydrogen and core helium burning phases. An exponential decaying formula,
is applied, taking 0.02 as the parameter f ov , where D cv,0 and H P,0 are the convective mixing coefficient and the pressure height at the edge of the convective region, and ∆r is a distance from the edge.
Effects of Stellar Rotation
Four effects of stellar rotation are taken into account in the code; deformation by the centrifugal force; angular momentum transfer in the star; matter mixing due to the development of rotational instabilities; and rotationally induced mass loss. At first, a surface of constant pressure of P , ψ P , is defined. Then, shellular rotation is assumed as the rotation profile: the angular velocity is constant on the constant pressure surface (Zahn 1992) . The mass coordinate of the calculation, M P , is defined as the enclosed mass within the constant pressure surface, also the volume surrounded by the isobar, V P , and the radius of the sphere which have the same volume as V P , 4πr 3 P /3 = V P , are defined. Because of the deformation, the constant pressure surface is not a sphere, and the approximation for slow rotating cases (Denissenkov & VandenBerg 2003 ) is adopted,
where P 2 (cosθ) is the second-degree of Legendre polynomial. The scaling radius a and the degree of rotation ǫ are related to r P as
where ω P is the angular velocity of the isobar, and G is the gravitational constant, respectively. Finally, an averaged quantity on the constant pressure surface is defined as
where S P is a surface area of the isobar and dσ is a element of the isobaric surface.
Basic equations of pressure and temperature gradients are modified to take into account the centrifugal force (Endal & Sofia 1976; Meynet & Maeder 1997; Heger et al. 2000) ,
where ∇ MLT is a temperature gradient determined by the MLT, and ∇ rad = 3κ 16πacG P LP T 4 MP is a radiative temperature gradient. f P and f T represent the modification by the centrifugal force,
where g is the local effective gravity.
In a rotating star, several instabilities are assumed to develop. Because matter mixing occurs due to these rotational instabilities, both chemical species and angular momentum are transported by the rotationally induced mixing. Similar to chemical mixing, a diffusion approximation is adopted to the angular momentum transport (Endal & Sofia 1978; Pinsonneault et al. 1989; Heger et al. 2000) ,
where i ≡ g −1 r 2 sin 2 θ / g −1 is the specific moment of inertia and ν is the viscosity. The first term represents the angular momentum transport by matter mixing, and the second term shows the local angular momentum conservation. A precise treatment of mixing is so far difficult. Hence, order-of-magnitude estimates are applied to determine both the viscosity and the diffusion coefficient. Included hydrodynamical instabilities are the meridional (Eddington-Sweet) circulation, the dynamical and secular shear instabilities, the Solberg-Høiland instability, and the Goldreich-Schubert-Fricke instability, and the corresponding viscosities, D ES , D DS , D SS , D SH , and D GSF are calculated following Heger et al. (2000) . In the calculation, the effect of the µ-gradient is taken into account with the efficiency parameter f µ . The value f µ =0.1 is adopted in this work (Brott et al. 2011; Yoon et al. 2012) . For a magnetic instability, magnetic fields generated by the Spruit-Tayler dynamo are considered (Spruit 2002; Heger et al. 2005) , and corresponding viscosity and diffusion coefficient, ν ST and D ST are calculated. Finally, in addition to mixing by convective instabilities, these values are summed up to determine total effective viscosity and diffusion coefficient,
In the summation, a parameter f c , which represents the difference of the efficiency between the viscosity and the diffusion coefficient by hydrodynamic instabilities in a rotating medium, is used. The value f c =1/30 is applied in this work, according to Heger et al. (2000) .
The last effect of stellar rotation is the rotationally induced enhancement of mass loss (ΩΓ-limit, Langer 1998; Maeder & Meynet 2000) . According to Yoon et al. (2010 Yoon et al. ( , 2012 , the enhancement of the mass loss rate is calculated asṀ
where
)/R are the rotation velocity and the critical rotation velocity at the surface of the star, M , R, and L are mass, radius, and luminosity of the star, L Edd is the Eddington luminosity, and τ KH is the Kelvin-Helmholtz time scale, respectively.
Initial Parameter Sets for Stellar Evolution Calculations
Stellar evolution of 24 progenitor models is calculated for a wide initial parameter range. Metallicity is set to be zero, and two initial parameters are used to specify the progenitor. The first one is the initial mass of the model. The initial mass range is from 12 M ⊙ to 140 M ⊙ so that the range for core-collapse supernovae can be covered by these models. The next one is the initial rotation. As for the initial rotation, we basically consider two cases: non-rotating and rotating models are presented. To avoid complex discussions on chemically homogenous evolution from fast rotators (e.g., Yoon et al. 2012) , stars with moderate rotations of v rot /v k ∼ 0.15 at ZAMS are calculated, where v k ≡ GM/R is the Keplerian velocity at the surface. In addition, more slowly rotating models of half-and quarter-rotation are calculated for 20, 30, and 40 M ⊙ cases. Stellar evolution calculations are followed from deuterium burning phases until central densities reach 10 10 g/cm 3 during the last collapse. Calculated models are summarized in Table 2 . The mass of the iron core, M Fe , is defined as the mass coordinate of the local peak of energy generation by silicon burning. The CO core mass M CO , or mass of the base of a helium layer, is taken to be the mass coordinate at which the mass fraction of helium reaches 0.1. Similarly, the top of the helium layer, M CO + ∆M He , is defined as the mass coordinate where the mass fraction of hydrogen becomes 0.01.
Although there has been a lot of works on the structure of rotating stars, how to construct a proper model is still under debate. Internal mixing in a rotating star will be the most influential physics for the evolution, but precise treatment of rotational mixing is difficult so far. This is why we basically take only one rotating model for each mass in the calculation, except for the additional 20-40 M ⊙ models. The presented rotating models show varieties of nucleosynthesis due to efficient internal mixing. Our rotating models can thus be regarded as the representative results of efficient internal mixing by rotation.
Assumptions on Supernova Explosions
Stellar matter is somehow ejected by supernova explosions. Since a precise treatment of the explosion is difficult, some assumptions are needed to estimate the stellar yield. In this work, we assume a weak explosion for every yield calculation. This means that, explosive nucleosynthesis by shock heating is too weak to change the abundance distribution in the progenitor star. Secondly, we assume that the weak explosion only expels the stellar matter at the outer region of the star, which is loosely bound by gravity. The first assumption will be appropriate especially for the outer region of a star. For a calculation of explosive nucleosynthesis with a typical explosion energy of 10 51 erg, the outer abundance distribution from the carbon convective region is not much affected by shock heating. Since only such unmodified outer materials are assumed to be ejected in this model, simple integration gives a consistent supernova yield, even though the explosive nucleosynthesis is not followed in the procedure.
With these two assumptions, ejected mass of an element i, M i , is calculated as a function of M in ,
where M in is the inner boundary of the ejection and X i is an abundance distribution of i in terms of mass fraction. In our model, material that distributes below M in is assumed to be completely captured by the central remnant, and does not contribute to the yield. Compared with the mixing-fallback model, our results will agree with them, if the mixing-fallback parameters of outer boundary of the mixing region, M mix , and the ejection fraction, f , are respectively specified to M in and zero. Thus, mixing process during the explosion is not important ingredient in our model, while mixing process during the stellar evolution is of importance.
The inner boundary M in may relate to the explosion energy, however, the physical interpretation depends on what explosion mechanisms are assumed for the weak supernova. We do not specify the explosion mechanism in this work, but discuss some possibilities in Section 5.1.
Assumptions on Abundance Profiling
In this work, results of the abundance profiling on HMP stars are presented. The results are based on the assumption that the observed metal-deficient stars are the second generation stars, so that they should show the nucleosynthetic signatures of first generation mother stars. Using the calculated M i and mass fraction of the element i in the ISM, X i,ISM , resulting compositions of second generation stars, X i,2nd , can be written as
where M SN = i M i and M ISM are total masses of the ejecta and the ISM, and D = M ISM /M SN is the dilution factor. For elements heavier than carbon, the elemental mass in the ISM, X i,ISM M ISM , is assumed to be much smaller than the ejected mass M i , and thus negligible, since the ejection comes from the first supernova. Under this assumption, compositions of second generation stars are calculated as
for elements heavier than carbon. In order to compare the results with observations, solar standardized values of
are calculated with the solar values by Asplund et al. (2009) .
In the abundance profiling, we basically consider the consistency of abundance patterns of intermediatemass elements from carbon to silicon. This is because the weak supernova models show varieties of those elements productions, and thus progenitor models can be constrained through the comparison. On the other hand, the origin of heavy elements, such as iron-peak elements, is not uniquely determined by the model. The discussion on the possible origins of those elements is given in Section 5.2. Sometimes it is useful to compare an abundance pattern using iron as the base line, [i/Fe]. When we compare our results with observations using [i/Fe], a mass fraction of iron is taken as a free parameter.
ABUNDANCE DISTRIBUTION IN PROGENITOR STARS
Progenitor stars with different initial parameters have different conditions of density, temperature, and composition for nucleosynthesis. Especially in a helium layer, which surrounds the inner core of oxygen and carbon, nucleosynthesis results in a variety of abundance distributions. In the following subsections, how different conditions in each progenitor bring various nucleosynthetic results is presented for several elements. 
Carbon and Oxygen
Since helium is the most abundant element in a helium layer, the triple alpha reaction becomes the most influential reaction in the region. This results in 12 C production. In the presence of both helium and carbon, alpha capture reaction onto 12 C successively occurs, producing 16 O. Figure 5 shows M C (M in = M CO ) as the function of the initial mass, taking CO core masses as M in for each model, and mass ratio of M O /M C is presented in Fig. 6 . In integration, all isotopes are summed up, while the most abundant isotopes are 12 C and 16 O. Hereafter, all M in in a figure are fixed to be CO core masses, in order to show differences in outer abundance distributions among the models.
Production of carbon and oxygen also takes place at the center of the star during the core helium burning stage. However, the resulting production ratio of O/C differs significantly between the two sites. In the case of core helium burning, the resulting O/C ratio always exceeds unity. On the other hand, a helium shell burning has a much smaller O/C ratio, since a large portion of helium remains during the evolution.
Three important characteristics on production of carbon and oxygen in a helium layer can be inferred from Figs. 5 and 6. Firstly, production of carbon and oxygen takes place in all of the models. This is because the temperature at the helium burning shell is high enough to allow the triple alpha and alpha capture reactions to occur. Secondly, the O/C ratio does not exceed unity in all models. And finally, the heavier the initial mass of the progenitor is, the smaller the resulting O/C ratio is. Carbon and oxygen production with a small O/C can be regarded as a general nucleosynthetic signature of elemental production in helium layers, and more massive stars will have a smaller O/C ratio.
Magnesium and Silicon
Reflecting the different base temperature of helium layers, intermediate mass alpha elements such as magnesium and silicon show initial mass dependence. These alpha elements are produced via a series of alpha capture reactions. Because the reaction speed of an alpha capture is slower for a heavier element, higher temperature is needed to synthesize heavier alpha elements. Initial mass of the model is the most influential physical parameter to determine the temperature. Therefore, heavier alpha elements are only synthesized in more massive stars.
As for magnesium production, efficient production occurs for rotating ≥ 40 M ⊙ models and non-rotating ≥ 60-80 M ⊙ models. The production ratio between magnesium and carbon is shown in Figure 7 . The initial mass dependence can be characterized by the steep rise in less massive models and the plateau in more massive models. The magnesium is mainly produced as 24 Mg through 20 Ne(α, γ) 24 Mg. The increase of the magnesium yield is a result of more efficient alpha capture reactions in massive models, and the plateau is due to the consumption of seed elements of 20 Ne. Silicon is produced by 24 Mg(α, γ) 28 Si, and the same trend on the progenitor initial mass is also found in the silicon production ratio, shown in Fig. 8 . Based on the trend in the initial mass dependence, the pattern of the produced alpha elements can be used as a probe of the progenitor's initial mass. Figure 9 shows the production ratio of calcium. For rotating models, only the two most massive models of 120 M ⊙ and 140 M ⊙ show the enhancement. It is fast alpha capture reactions at the base of the helium layer that synthesize calcium in these rotating models. In this small region, other alpha elements of 28 Si, 32 S, and 36 Ar are also produced, and by (α, p) reactions on these alpha elements, some odd species of 31 P, 35 Cl, and 39 K are synthesized as well. For non-rotating models, abundant calcium production occurs for stars of ≥ 80 M ⊙ . Interestingly, a totally different nuclear process accounts for the production in non-rotating cases.
Calcium
The calcium production in non-rotating models is attributed to proton capture reactions in a hydrogen burning shell. Similar to helium shell burning, the temperature of the hydrogen burning shell increases as the core of the star contracts. If the base temperature gets high enough, break-out reactions from the CNO cycle take place (Wiescher et al. 1999 ). These reactions occur at the base of the hydrogen envelope of non-rotating ≥ 80 M ⊙ models in our calculation, resulting in production of proton rich isotopes including 40 Ca. Figure 10 shows how the reaction goes in the non-rotating 140 M ⊙ model after the central carbon burning phase. Since the model has the largest initial mass in all of our models, the base temperature in the hydrogen burning region is very high, log T base,H = 8.66 at this phase. Accordingly, very efficient proton capture reactions take place in the region. This calcium synthesis does not work in a rotating model, since the hydrogen envelope does not reach a high enough temperature for the break out to occur (see the next subsection).
Nitrogen
In massive stars, nitrogen is synthesized by the CNO cycle. Since the reaction requires seed elements of carbon or oxygen in advance, not much nitrogen is synthesized in Pop III massive stars during core hydrogen burning phase. The hydrogen burning shell does not have seed elements for canonical non-rotating models, thus these models do not produce much nitrogen during the evolution. On the other hand, rotationally induced mixing accounts for the matter transportation from the helium burning core to the hydrogen burning shell in the case of rotating models. As a consequence of the transportation of seed materials, the CNO cycle takes place in the hydrogen burning shell and all rotating models produce nitrogen during the core helium burning phase (Meynet & Maeder 2002a,b) .
Nitrogen firstly distributes both in the hydrogen envelope and in the outer region of the helium core. For nitrogen in the hydrogen envelope, matter mixing accounts for the enhancement. The mixing processes are rotation induced mixing for less massive stars of ≤30 M ⊙ , and convective mixing in a small convective region that appears in the early core helium burning phase for massive stars of ≥40 M ⊙ . These mixing processes transport nitrogen enriched material from the base of the hydrogen burning shell to the hydrogen envelope. For nitrogen in the outer region of the helium core, matter accretion onto the helium core accounts for the nitrogen enrichment. During the core helium burning phase, hydrogen shell burning increases the mass of the helium core. The accreting matter has a large abundance of nitrogen, and all rotating models form nitrogen-rich helium layers at the end of the core helium burning phase. Nitrogen in the helium layer accounts for the nitrogen yield for less massive models of ≤20 M ⊙ . On the other hand, for massive models of ≥30 M ⊙ , most nitrogen in the helium layer is converted into 22 Ne in later evolution stages (see the next subsection.), and do not contribute to the nitrogen yield. Figure 11 shows yields of nitrogen, M N , by several stellar calculations. Yield data other than our results are rotating models of Ekström et al. (2008) and v ini /v k = 0.2 models of Yoon et al. (2012) . Since almost all of the nitrogen is distributed in hydrogen and helium layers at the last stage of the evolution, the graph shows the total yields of nitrogen in the calculations. Our rotating models and those by Ekström et al. (2008) show the enhancement of nitrogen. Not much enhancement is seen in the models by Yoon et al. (2012) , suggesting the uncertainty of treatment of stellar rotation.
The active CNO cycle affects not only chemical distribution but also the hydrostatic structure of the progenitor star. Hydrogen burning by the CNO cycle proceeds much faster than hydrogen burning by ppchain. Hence, a total amount of processed hydrogen significantly increases, and this results in a much thicker helium shell in a rotating star compared with a non-rotating counterpart. Accordingly, the base of a helium shell is in a deeper region of the star, and the base temperature of the helium burning shell is higher for rotating models. On the other hand, the base temperature of the hydrogen burning shell is lower for rotating stars. This is due to an envelope inflation by the intense energy generated by the CNO cycle, by which every rotating model becomes a red-giant. Only massive models of > 70 M ⊙ become red-giants in non-rotating cases (see Fig. 12 ).
We note that nitrogen production can be seen in some models with initial masses of 15-20 M ⊙ even for non-rotating cases. This nitrogen production is due to hydrogen ingestion into the convective helium burning shell that occurs at a later evolutionary stage. While the phenomenon causes some important changes in both stellar structures and chemical distributions, it may require some further attentions for the calculation. We later discuss the difficulty and uncertainty to accurately treat the physics in Section 5.3.
Sodium and Aluminum
The production ratios of sodium and aluminum are shown in Figs. 13 and 14. Rotating models show clear enhancement in production of these odd nuclei. This is due to the existence of 14 N in a helium layer in rotating models. Because of the shell helium burning, abundant nitrogen in the region results in free neutron emission as a consequence of a series of alpha captures. At first, alpha capture reactions produce 22 Ne from 14 N, Sodium and aluminum productions also occur in a hydrogen burning shell of rotating models. These are due to the Ne-Na and the Mg-Al chains, since tiny fractions of neon and magnesium are transported from the base of the helium layer to the hydrogen burning shell by rotationally induced mixing. However, sodium and aluminum production by these proton capture reactions is much less effective than the n-capture processes explained above.
Both the production ratios of sodium and aluminum have very similar dependence on the initial mass. For less massive stars of 40 M ⊙ , these production ratios show steep increase with the initial mass. There is a plateau in the range from 40 M ⊙ to 80 M ⊙ . And these odd elements are less produced in the most massive stars of 100 M ⊙ . These trends in the initial mass are due to the temperature dependence of related nuclear reactions. The lower production in less massive stars can be understood as follows: The alpha capture by 22 Ne requires a temperature higher than ∼10 
ABUNDANCE PROFILING OF HMP STARS
In this section, results of abundance profiling for the three most iron-deficient stars are firstly shown, then model comparisons with previous works are presented. The best fit models are listed in Table 3 , showing initial masses and rotational characteristics of models for each star. And in Table 4 , the stellar yields of intermediate mass elements are summarized. In the following subsections, important characteristics of observed abundance patterns and how the best fit models are selected are presented.
SMSS 0313-6708
SMSS 0313-6708 is the most iron deficient star known so far. Non-detection of iron has been reported by Keller et al. (2014) and they estimate the upper limit of the iron abundance of [Fe/H] < -7.1 (Thus, strictly speaking, the star is not a HMP star.). Figure 15 The star has small magnesium abundance compared with carbon: [Mg/C] ∼ -2 for the 1D-LTE value and ∼ -1 for the corrected value. Heavy massive models of ≥ 100 M ⊙ produce much magnesium in a helium layer, and do not reproduce the observation (Fig. 16, 100 and 120 M ⊙ models). On the other hand, the small production ratio of magnesium can be explained by low (12-40 M ⊙ ) and intermediate mass (50-80 M ⊙ ) models. For less massive stars, the necessary amount of magnesium can be produced by inner carbon burning layer, while magnesium production in a helium layer can account for the ratio in the case of intermediate mass stars. Though sodium and aluminum have not yet been detected in the star, the upper limits of [Na/Mg] < -1.2 and [Al/Mg] < -1.9 are valuable for the abundance profiling. The limits reject less massive models, since carbon burning produces sodium and aluminum besides magnesium (Fig. 16, for 30 and 40 M ⊙ models). Moreover, rotating models also produce sodium and aluminum in a helium layer (Fig. 17) , and no rotating models match with the observation. Therefore, only non-rotating intermediate massive stars of 50-80 M ⊙ can fit the observation. The dilution factor of the models is calculated so as to fit the observed carbon abundance, [C/H] = -2.6. The ejected masses of carbon are 0.419-0.136 M ⊙ for the 60 M ⊙ model for f in = 0.92-1.00. With the solar value of X(C) ⊙ = 2.38 × 10 −3 and X(H) ⊙ = 0.7381 (Asplund et al. 2009 ) and the primordial value of X(H) ISM = 0.7599 (Steigman 2007), the corresponding dilution factors become 1.78 × 10 3 -6.09 × 10 2 .
In addition to carbon and magnesium, calcium is detected in the star as well, with the value of [Ca/H] = -7. Since the value is very small and close to the upper limit of the iron abundance, it could be explained by another mechanism that accounts for heavy elements observed in other HMP stars. On the other hand, the calcium production should be consistently explained with other intermediate mass elements, in case future observations reveal the overabundance of calcium to heavier elements such as iron-peak elements. As for our models, massive stars of > 80 M ⊙ produce calcium due to break-out reactions from CNO cycle at the base of hydrogen layers. Calcium production by 80 M ⊙ model is compatible with the observation, therefore the 80 M ⊙ model can consistently explain the abundance pattern from carbon to calcium. Though magnesium is overproduced in the helium layer, the excess may be in an uncertainty of calculations and observations. The range of f in is limited by the observation, and the values are 0.94-1.02. The 80 M ⊙ model produces 4.80 × 10 −1 M ⊙ to 5.36 × 10 −2 M ⊙ of carbon, and corresponding dilution factors are 1.62 × 10 3 to 1.91 × 10 2 .
HE 0107-5240
HE 0107-5240 has the metallicity of [Fe/H] = -5.3, firstly reported by Christlieb et al. (2002) . Figure  18 shows the abundance pattern of the star and selected model yields. only be explained by a model with a larger f in than unity. This is because the small oxygen production is severely affected by mass ejection of CO core materials. To be consistent with the small oxygen production, other abundant elements should be explained by nucleosynthesis in a helium layer in the progenitor. The sodium abundance of [Na/C] ∼ -2 excludes non-rotating progenitors, because non-rotating models do not produce sodium at the helium layer. Then the production ratio of magnesium can be used to constrain the initial mass. Among the basic models, only the rotating 30 M ⊙ model can match the observed [Mg/C] ∼ -3 with sufficient production of sodium. Less massive models lack the necessary production of magnesium, while more massive stars overproduce. For the best fit model of rotating 30 M ⊙ case, an acceptable range of f in =1.01-1.13 (Fig. 18, magenta shadows) are wide. This is because the abundance pattern from carbon to silicon is almost the same through the convective helium layer in the progenitor. In order to fit the carbon abundance of [C/H] = -2.7, and considering the carbon yield of 7.20 × 10 −2 -1.90 × 10 −2 M ⊙ by the rotating 30 M ⊙ model with f in = 1.01-1.13, the dilution factor becomes 7.84 × 10 2 -2.23 × 10 2 .
Since the sodium production of the rotating 30 M ⊙ model slightly exceeds the observed value, we calculate slowly rotating models in addition. Owing to the slower rotation, these models produce less sodium than the basic rotating model, and thus match with the observation. The 40 M ⊙ model with a half speed of rotation is the best fit model. The small abundance of [Mg/Fe] ∼ 0 may be explained by other pollution mechanisms discussed later. Therefore, the half-rotating 30 M ⊙ model and the quarter-rotating 40 M ⊙ model may be also compatible with the observation. HE 1327-2326 shows significant enhancements of nitrogen. Although none of our calculation presented in this work do not consistently match with the nitrogen abundance, a weak supernova from a rotating progenitor may be able to explain the observation. Our rotating models only include moderate rotators of v rot /v k ∼ 0.15, and the best model of 20 M ⊙ yields about 1/10 of observed nitrogen. Therefore, one possibility to account for the large production is fast rotation in which highly effective internal mixing will take place. Also, a rotating star with a very small but non-zero metallicity is known to have a large enhancement in nitrogen production. Comparing the results by Ekström et al. (2008) and Hirschi (2007) , models with a metallicity of 10 −8 show larger nitrogen production than Pop III models. Ekström et al. (2008) has explained this trend as a consequence of existence and absence of CNO elements at its birth. This is because, a metal poor progenitor with CNO elements can support the structure by the CNO cycle from the first ignition of hydrogen. At the end of the core hydrogen burning phase, this results in faster core rotation and thus more effective internal mixing.
An isotopic ratio of 12 C/ 13 C is useful to distinguish models. Theoretically, nitrogen in a low mass metal poor star can be synthesized by an internal process called the helium-flash driven deep mixing (He-FDDM). In this scenario, a convective region powered by a shell helium-flash penetrates into the hydrogen envelope, resulting in nucleosynthesis of nitrogen (e.g., Fujimoto et al. 1990; Suda et al. 2004 ). However, the observed isotopic ratio of 12 C/ 13 C > 5 disfavors the scenario in the case of HE 1327-2326, since the theory predicts the equilibrium value of the CN cycle, 12 C/ 13 C ∼ 3-4 (Picardi et al. 2004; Weiss et al. 2004; Aoki et al. 2006 ). In our model, the isotopic ratio is 21.5 for the rotating 20 M ⊙ progenitor, and agrees with the observation. However, the value will be reduced by a factor of 1/10 when a required amount of 14 N is produced, since both of the elements are simultaneously produced by the CNO cycle.
Model Comparison
SMSS 0313-6708
Model Comparison with Keller et al. (2014) The model described in Keller et al. (2014) is similar to ours. They attribute the observed abundances to a 1.8 × 10 51 erg supernova explosion from a 60 M ⊙ Pop III progenitor. The explosion energy is small compared to the relatively large mass of the progenitor, and the initial mass is in the range of our results of 50-80 M ⊙ .
There is a small difference on the origin of calcium between the model by Keller et al. (2014) and ours. Keller et al. (2014) has reported that the calcium is produced by the break-out reactions from the CNO cycle during the stable hydrogen burning phase. On the other hand, the central temperature during the main sequence stage never reaches the allowed value for the break-out reactions in our models. Instead, calcium is produced at the base of the hydrogen burning shell in massive non-rotating models of ≥ 80 M ⊙ after the carbon burning stage. In addition, models of ≥70 M ⊙ in Keller et al. (2014) are rejected, since these models do not reproduce the carbon enhancement and overproduce nitrogen. On the other hand, the reason for the rejection of the heavier models of ≥100 M ⊙ in our models is due to the over abundance of magnesium. Ishigaki et al. (2014) Among the models reported in Ishigaki et al. (2014) , a 10 52 erg explosion from a 25 M ⊙ progenitor consistently reproduces the observed abundance patterns of [(C, Na, Mg, Al)/Ca]. Considering the extremely low escape fraction of 10 −5.8 of the mixing-fallback region, the model will have a similar structure of matter ejection to our model. However, assumed explosion energies are different.
Model Comparison with
In the 25 M ⊙ model, the explosion energy is so large that the explosive helium burning takes place at the base of the helium layer. Owing to the magnesium production by the explosive nucleosynthesis, observed magnesium abundance can be explained by the model. On the other hand, no explosive nucleosynthesis is assumed to occur in the weak explosions, and magnesium in our models is produced during the pre-collapse stages. The difference in the explosion energy will affect the resulting metal pollution. We later discuss different efficiencies of the metal pollution from different explosion energies in Section 5.4.
To distinguish these models with different explosion energies, the oxygen abundance may be useful. Our best fit models suggest that the oxygen abundance of the star may be [O/C] ∼ 0, while the 25 M ⊙ , 10 52 erg explosion model by Ishigaki et al. (2014) have much lower value of ∼ -2. These values are due to different inner boundary masses of ejection. The predicted value of [O/C] ∼ 0 by ours is just under the observed upper limit, thus the detection of oxygen by future observations may be useful to constrain the supernova model.
HE 0107-5240
Model Comparison with Iwamoto et al. (2005) As discussed earlier, a large mass coordinate of the fallback boundary is necessary to explain the small [O/C] ratio by a supernova ejection. Accordingly, the model presented by Iwamoto et al. (2005) has a large mass cut (that is equivalent to our M in ) of 6.3 M ⊙ for a 25 M ⊙ progenitor. Thus the large inner boundary and the initial mass are compatible with ours.
The difference between the two models is origins of sodium and magnesium. They attribute production of these elements to very small ejection of processed inner matter in the CO core with a small escape fraction of 1.2 × 10 −4 . A high degree of fine-tuning of the escape fraction and of the mass cut will be needed in the model. On the other hand, our model produces those intermediate mass elements by rotationally induced nuclear reactions, which take place in a wide range of initial parameters of the initial mass and the initial rotational velocity. The rotating models reproduce similar abundance yield under a wide parameter range in M in , since the abundance distributions are almost constant within a convective helium layer. Therefore, the rotating model will be more robust to explain the observation than the models with inefficient inner matter ejections. Limongi et al. (2003) In Limongi et al. (2003) , two supernovae are considered to explain the metal pollution, i.e., the observed abundance is explained as a superposition of the yields. The first one is a less energetic 35 M ⊙ supernova with a mass cut of 9.4 M ⊙ contributing elements from carbon to magnesium, and the other one is a typical 15 M ⊙ supernova with an iron production of 5.6× 10 −2 M ⊙ contributing heavier elements.
Model Comparison with
The strategy dividing elements into lighter and heavier elements is similar to ours, and the progenitor mass and the considered explosion for explaining the lighter elements are also compatible with our models. The largest difference arises in a production mechanism of sodium. In the 35 M ⊙ model in Limongi et al. (2003) , sodium production is attributed to proton ingestion into a helium burning shell. Of course this process is one possibility, but the characteristics of proton ingestion are too complicated to be properly treated as we discuss above. On the other hand, sodium production by rotationally induced reactions may be more robust, since it needs just an efficient internal mixing due to stellar rotation.
DISCUSSION
Mechanisms for a Weak Explosion
We assume that the supernova explosion is weak in its energy to explain the abundance of HMP stars. And the mechanisms that can account for the weak explosion are not unique. Until now, two different models are considered to account for the weak explosion; a spherical explosion and a jet-like explosion (Tominaga et al. 2007b ). In addition to the two models, failed supernovae, which eject their outer layer due to the reduction of gravitational mass by high energy neutrino emission (Nadezhin 1980; Lovegrove & Woosley 2013) , may also be compatible with the weak explosion.
Even for a simple one dimensional explosion, however, it is difficult to relate M in with explosion energies. This is because M in is very sensitive to the treatment of the engine of the explosion. With different positions and models of energy ingestion (e.g. the piston model and the thermal bomb model), different M in are resulted for the same low explosion energy. Moreover, multi dimensional calculations may result in quantitatively different matter ejection. In a two dimensional calculation for the jet-like explosion, inner material placed in an off-axis region accretes onto the formed compact object (Tominaga et al. 2007a; Tominaga 2009 ). Since the accretion depends on several jet parameters, such as the jet opening angle, the energy injection rate, and the total injected energy, degeneracies may arise in these parameters. As for the failed supernova, the explosion mechanism is totally different from the above two models. Because of the loss of the proto-neutron star's gravitational mass by neutron emission, a weak shock is launched by acceleration in the core and propagates outward. Successful matter ejections are reported for 15 and 25 M ⊙ red giants by Lovegrove & Woosley (2013) . The mechanism may be only applicable to low mass red giants, because a small core mass in the progenitor is important both for the long duration of gravitational mass reduction and for the shock propagation through the core. What realistic models can account for the explosion with a large accretion? Further investigation on this topic is needed.
Origins of Heavy Elements
In this work, we do not specify the origins of heavy elements that exist in HMP stars. These elements will be synthesized by an explosive nucleosynthesis, and do not give severe constraints on the progenitor's initial parameters (Umeda & Nomoto 2005) . However, to consistently explain all of the abundance observations, the origin of the heavy elements should be considered. Here we discuss three possible scenarios to account for the metal pollution.
The first possibility is an ejection of a tiny fraction of the inner processed materials by the same explosion. This is a usual assumption made in the mixing-fallback model. Since the observed abundance of heavy elements is very small, the escape fraction of the inner matter becomes very small as well. In order to represent the small escape fraction, a realistic modeling may require fine-tunings of explosion parameters. The second one is metal pollution by another supernova explosion (Limongi et al. 2003) . Elements with abundances of [X/Fe] ∼ 0 are expected to be explained naturally by this scenario, since the usual supernova will show [X/Fe] ∼ 0 abundances. Compared with single explosion models, the double explosion model has a lot of parameters to specify the model, such as mass ratio between the two progenitors, explosion energies, the time delay between the two explosions, and efficiencies of metal pollution by each explosion. The last scenario we discuss here is ISM accretion onto the formed second generation star (Yoshii 1981) . Only a tiny amount of metals is required to be accreted during the long lifetime of the star. However, still both a realistic theory of the accretion and an observational support of the phenomena are lacking (however, see Hattori et al. 2014 ).
Proton Ingestion
In non-rotating 15 and 20 M ⊙ models in our calculation, convection in a helium layer penetrates the boundary between helium and hydrogen layers. As a consequence, fresh fuel of hydrogen is mixed into the high temperature region in the helium layer. Resulting energy generation powers the convection to grow and the entire former helium layer and hydrogen envelope are covered by a single convective region. The CNO cycle accounts for the energy generation, thus, nitrogen is synthesized and distributed in the convective region at the same time.
Such a phenomenon is often reported in the literature (e.g., Ekström et al. 2008; Heger & Woosley 2010; Limongi & Chieffi 2012; Yoon et al. 2012) , in which stellar evolution of Pop III stars is calculated. Indeed, the hydrogen ingestion significantly affects both the chemical distribution and the envelope structure. Some of them are reported to produce enough nitrogen or sodium to explain observed abundances (Iwamoto et al. 2005; Limongi et al. 2003) . The resulting inflation of the envelope may affect dynamics during the last explosion (Heger & Woosley 2010) . However, it is highly uncertain whether the convective penetration over the boundary and/or such a powerful mixing, by which energetic nuclear fuel are transported to deep inside the star, could occur in reality or not. In a one-dimensional treatment, the relatively small entropy barrier at the boundary of helium and hydrogen layers may support the occurrence of the ingestion (Fujimoto et al. 1990 ), but there still exists a µ barrier representing a composition jump that contrarily inhibits the mixing. Moreover, in order to accurately treat the dynamical behavior of convective boundaries, multi dimensional modelings are needed (e.g., Meakin & Arnett 2007) . For canonical one dimensional calculations, not all of massive Pop III models show the ingestion, and the effects after the ingestion are not similar among the simulations. Apparently the characteristics of the phenomenon severely depend on the numerical settings. Proton ingestion may have many important consequences for Pop III stellar evolution, however, more sophisticated treatments than simple one dimensional calculations are needed to reveal the nature.
Explosion Energy Dependence of Metal Pollution in the Primordial Gas Clouds
Explosion energy is important to determine the absolute value of metal abundance in the second generation stars. According to one dimensional calculations by Kitayama & Yoshida (2005) , since irradiation by the central star expands the ambient primordial gas in advance of the explosion, even a weak explosion of 10 50 erg blows away all gas in the halo of 10 5 -10 6 M ⊙ . In a recent three dimensional calculation by Ritter et al. (2012) , about a half of the supernova ejecta of 10 51 erg escapes from the host halo of ∼10 6 M ⊙ , while the rest is trapped by the high density flow region. Formation of second generation stars requires high density metal polluted gas. An escaping mass will sweep up halo gas and will become dilute inter halo gas, having too low metal abundance to form second generation stars. Hence, the first possibility for the formation site is a metal polluted gas cloud that survives the Pop III supernova explosion. It will collapse again due to gravity of the dark matter host halo.
Adopting the result of Ritter et al. (2012) , the resulting carbon abundance in the surviving gas can be deduced from an order-of-magnitude estimate. The escape fraction of the supernova ejecta is defined as f esc . In the case of 10 51 erg explosion, the value is about 0.5, and the fraction will be an increasing function with the explosion energy. A total amount of ejected carbon is set as M C . The typical value depends on what kind of explosion is assumed, and it is 0.1 M ⊙ for the weak supernova model. The ambient gas mass is about ∼20% of the dark matter mass, and the value is ∼2×10 5 M ⊙ for cosmologically typical star forming halos of 10 6 M ⊙ (Bromm 2013) . Not all of the gas may be polluted by the explosion, and the fraction of polluted gas is defined as f pol . In Ritter et al. (2012) , the total mass of polluted gas will be M pol ∼ 4 × 10 4 M ⊙ , and thus f pol becomes 0.2. Hence, the resulting carbon abundance can be written as For weakly energetic explosions, [C/H] will increase due to a decrease in f pol . On the other hand, an increase in f esc will reduce [C/H] for highly energetic explosions. Since the expected value of 10 51 erg is lower than the observed value of [C/H] ∼ -2.6 for SMSS 0313-6708, weakly energetic supernovae may be the most likely candidate for the progenitor. Of course, large uncertainty exists in this estimate, for example, a three dimensional dense flow structure may help the ejecta to survive a highly energetic explosion as reported in the 10 51 erg supernova.
Summary and Conclusion
The main purpose of this work is to obtain new knowledge of abundance yields of Pop III supernovae that can be used to constrain the characteristics of Pop III stars. We calculate Pop III progenitor evolution in a wide range of initial parameters, and calculate the stellar yields with the assumption of a weak explosion. The initial mass range is from 12 to 140 M ⊙ so that the whole mass region for core collapse supernovae is covered. Stellar rotation is newly included in the progenitor calculation, resulting in diverse nucleosynthesis due to efficient internal matter mixing.
We show that various abundance distributions arise in outer regions in calculated models. Massive models of ≥ 40 M ⊙ for rotating and ≥ 60-80 M ⊙ for non-rotating cases show both magnesium and silicon enhancement in their helium layers. These enhancements are due to efficient alpha capture reactions in the region. As for rotating models, owing to rotationally induced mixing, abundant nitrogen is produced in the hydrogen burning shell at first. Alpha capture reactions onto nitrogen take place in later evolutionary phases, resulting in neutron emission and nucleosynthesis of sodium and aluminum. For non-rotating heavy massive stars of ≥ 80 M ⊙ , calcium production occurs in the hydrogen burning shell owing to break-out of the CNO cycle. Finally, we compare our results with other theoretical fittings in the literature. For SMSS 0313-6708, models in Keller et al. (2014) and in Ishigaki et al. (2014) are compared with ours. The model by Keller et al. (2014) is similar to our models, while they have different origins of calcium. The most important difference between ours and the model by Ishigaki et al. (2014) is the assumed explosion energy, and our weakly energetic explosion may be more plausible to explain the observed carbon abundance. For HE 0107-5240, models in Iwamoto et al. (2005) and in Limongi et al. (2003) are compared with ours. The model by Iwamoto et al. (2005) does not yield sodium at the outer region, thus they assume highly inefficient inner matter ejection to account for the sodium production. The 35 M ⊙ model in Limongi et al. (2003) does yield sodium at its outer layer, however, they attribute the sodium production to the proton ingestion. In our models, rotationally induced mixing naturally results in sodium production, and thus the production mechanism may be more robust than others.
In conclusion, we constrain the initial parameters of the Pop III mother stars for the three most iron-deficient stars. Not only the deficiency of iron, but also the enhancement of intermediate mass elements of carbon, nitrogen, oxygen, sodium, and magnesium is an important feature of these stars. We found that this peculiar abundance feature is also useful to constrain the initial parameters of the progenitor star. The small abundances of [O/C] are well explained by weak supernova models, the progenitor masses can be constrained by [(Mg, Si) /C], and the [(Na, Al)/C] are used to constrain the progenitor rotation. Similar analysis of the abundance profiling will be applicable to other carbon-enhanced HMP stars, which will be discovered by future observations. The results may constrain the characteristics of the primordial stars in the early universe.
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